To better understand ligand-induced structural transitions in cytochrome P450 2B4, protein-ligand interactions were investigated using a bulky inhibitor. Bifonazole, a broad spectrum antifungal agent, inhibits monooxygenase activity and induces a type II binding spectrum in 2B4dH ( 
bind and metabolize a number of substrates that are different in size, shape, and stereochemistry. A challenging problem is to understand how microsomal P450s accommodate different substrates and oxidize each in a regiospecific and stereo-specific manner. At the tertiary structural level, P450s exhibit a similar overall fold with a well conserved heme-binding core (2) . However, recent results demonstrate that microsomal P450s exhibit striking conformational diversity and plasticity (3) (4) (5) . Not only do different P450s exhibit different conformations, but an individual P450 can adopt multiple conformations in response to various ligands, making it difficult to model protein-ligand interactions even when one atomic structure of a P450 is known. Therefore, a good sampling of P450 "conformational space" is a prerequisite for understanding P450-ligand interactions and for performing modeling studies with high predictive power.
P450s from the 2B subfamily are inducible by barbiturates and have been the object of numerous biochemical and biophysical investigations for several decades. P450 2B4, in particular, was the first microsomal P450 to be purified and is one of the best characterized xenobiotic metabolizing P450s (6) . Recent structural investigations using an N-terminal modified form of P450 2B4 (2B4dH) have revealed that the enzyme can adopt strikingly different conformations (4, 5) , making it one of the best sources for study of P450 conformational plasticity. In addition, a wealth of site-directed mutagenesis data on 2B4 and other 2B enzymes are available to correlate structural features with functional properties (7) . When P450 2B4dH was crystallized without ligand, a tight dimer was formed by two symmetrical molecules that each adopted a widely open conformation (4) . A large cleft is formed by helices F through G on one side and the BЈ/C loop and helix C on the other side (Fig. 1A) . The cleft is ϳ15 Å wide and is filled by helices FЈ and GЈ of the symmetry-related molecule, whose His-226 forms an intermolecular coordinate bond to the heme iron of the other monomer. In order to investigate the structure of 2B4 with a ligand bound, the H226Y mutant was created to minimize dimer formation (5) . When 2B4dH(H226Y) was crystallized with the inhibitor 4-(4-chlorophenyl)imidazole (CPI), a closed conformation was observed (Fig. 1B) , which resembles those of P450s 2C5 (8 -10), 2C8 (11) , 2C9 (12, 13) , and 3A4 (14, 15) . The BЈ/C loop and the N terminus of helix I move toward the active site, making contact with CPI. Helices F through G move toward the BЈ helix and cap the top of the active site. The ligand-free 2B4 structure and the 2B4-CPI structure have significantly advanced our knowledge of the structure and function of microsomal P450s. However, CPI (178.6 Da) is the smallest ligand that has been structurally characterized in a mammalian P450 active site, and the compound is highly constrained by the enzyme on all sides. Accordingly, it is impossible to accommodate any larger ligands in the 2B4-CPI active site without substantial reorganization. We reasoned that structures of 2B4 bound with bulkier ligands should reveal new insights into the conformational changes required to reconstruct the active site.
Azole-containing compounds are well established drugs for the treatment of fungal infections in both humans and animals (16) . These drugs inhibit cytochrome P450 14␣-demethylase (CYP51), an essential enzyme that converts lanosterol to ergosterol in fungi (17) . Many azole compounds also block host P450s, causing toxic side effects. Bifonazole (1-[phenyl-(4-phenylphenyl)-methyl]imidazole) (Fig. 1C ) is one such azole drug used in the treatment of fungal skin infections. Initial spectral titration experiments indicated that bifonazole (310.4 Da) binds tightly to 2B4dH(H226Y), suggesting the possibility of an intermediate conformation between the open ligand-free structure and the closed 2B4-CPI structure.
In this study, isothermal titration calorimetry (ITC) (18) and tryptophan fluorescence-quenching experiments were used to investigate the interactions of 2B4dH(H226Y) with bifonazole in solution. The results suggested a very different conformation from 2B4-CPI. Crystallographic studies of 2B4-bifonazole revealed a structure (Fig. 1C) that is significantly different from either ligand-free 2B4 or 2B4-CPI. The different conformations of 2B4-CPI and 2B4-bifonazole indicate that helix C and the N-terminal half of helix I are central to enzyme plasticity. Based on analysis of the three 2B4 structures, a model for the membrane-associated state of 2B4 is proposed. The model is consistent with other biochemical and structural information and suggests how mammalian P450s, including P450 3A4, evolved as membrane-associated proteins to gain the conformational plasticity required to act on diverse substrates and to provide access to lipophilic substrates that may reside in the bilayer.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Cytochrome P450 2B4dH(H226Y) was expressed and purified as described previously (5) . Briefly, Escherichia coli transformed with the vector pKK2B4dH(H226Y) was grown at 37°C with shaking until the A 600 reached 1.0. Protein expression was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside to Terrific broth. After an induction period of 48 -72 h, the cells were harvested and lysed. P450 2B4dH(H226Y) was extracted from membranes by adding the detergent Cymal-5 (Anatrace, Maumee, OH) in high salt buffer. After ultracentrifugation, the supernatant was first purified using metal-affinity chromatography. The fractions containing P450 2B4dH(H226Y) were pooled together and then further purified by ion-exchange chromatography. The final buffer contained 500 mM NaCl, 8% glycerol, 1 mM EDTA, 1 mM dithiothreitol, and 10 mM potassium phosphate, pH 7.4. For crystallization, bifonazole (Sigma) was added to the purified protein in 10-fold excess, and the complex was concentrated by using an Ultra-15 centrifugal device (Millipore, Billerica, MA). For solution experiments, 2B4dH(H226Y) was dialyzed against 50 mM citrate-phosphate, pH 4.5, containing 1 mM tris(2-carboxyethyl)phosphine, 1 mM EDTA, 500 mM NaCl, and 1 mM Cymal-5, and a stock of bifonazole was prepared using the same buffer.
Enzymatic Assays and Solution Studies-O-Deethylation of 7-ethoxy-4-trifluoromethylcoumarin (7-EFC) was assayed as described previously (19) with 10 pmol of P450, 40 pmol of NADPH-cytochrome P450 reductase, 20 pmol of cytochrome b 5 , and 200 M 7-EFC in the presence of 0 -10 M bifonazole. The 7-EFC O-deethylation activities were plotted in relation to the bifonazole concentrations in SigmaPlot (Systat Software, Inc., Point Richmond, CA). Nonlinear regression analysis was performed to fit the data using a four-parameter logistic function to derive the inhibitory concentration 50% (IC 50 ) value.
Bifonazole was titrated into ϳ1 M P450, and difference spectra were recorded on a Shimadzu UV-2600 spectrophotometer at room temperature. The differences between the 433 nm maximum and 411 nm minimum were plotted against the bifonazole concentrations. Nonlinear regression analysis was performed in KaleidaGraph (Synergy Software, Reading, PA), and the spectral dissociation constant (K S ) was obtained by fitting the data to the equation for "tight binding":
, where ⌬A and ⌬A max are differential absorbances at particular and saturating inhibitor concentrations, respectively.
ITC experiments were performed on a VP-ITC calorimeter interfaced with a computer for data acquisition and analysis. Protein concentration was 60 M, and its monomeric state was confirmed by analytical ultracentrifugation experiments. P450 2B4dH(H226Y) and bifonazole (1 mM stock) were quickly preincubated to 25°C and loaded into the calorimetric cell and titration syringe, respectively. A typical titration schedule included 30 -35 injections of 5 l of bifonazole spaced at 3-min intervals. The titration cell was continuously stirred at 305 rpm. Reference titrations were carried out by titrating bifonazole into buffer alone in the calorimetric cell with the identical injection schedule, and the heat of dilution was subtracted from the bifonazole-protein titration data. The resulting binding isotherms were fit to a one-set binding site model by Marquardt nonlinear least square analysis to obtain binding stoichiometry (N), association constant (K a ), and thermodynamic parameters of interaction using Origin 7.0 software (Microcal Inc., Northampton, MA).
In acrylamide-quenching experiments, 5 M 2B4dH(H226Y) was incubated with bifonazole at 25°C for 1 h at a molar ratio of 1:2 prior to measuring the tryptophan fluorescence on a Fluorolog-3 spectrofluorometer (Jobin-Yvon, Edison, NJ). The tryptophan was excited at 295 nm and emission measured between 310 and 400 nm. Collision quenching was described by the Stern-Volmer equation as follows:
, where F 0 and F are fluorescence intensities in the absence and presence of acrylamide; k q is the bimolecular quenching constant; 0 is the lifetime of the fluorophore in the absence of quencher; [Q] is the concentration of acrylamide, and K SV is the Stern-Volmer constant.
Structure Determination and Analysis-The protein sample was prepared as a 31 mg/ml stock in buffer containing 500 mM NaCl, 8% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 1 mM bifonazole, 4.8 mM Cymal-5, and 10 mM potassium phosphate, pH 7.4. The 2B4-bifonazole complex was crystallized from vapor diffusion hanging drops in which 2 l of protein sample was mixed with 2 l of reservoir buffer containing 0.1 M NaH 2 PO 4 , 0.1 M KH 2 PO 4 , 1.9 -2.2 M NaCl, and 0.1 M MES, pH 6.25. The drops were equilibrated against the reservoir buffer for 3-4 weeks at 18°C. When the crystals were about 0.15 ϫ 0.15 ϫ 0.2 mm, the crystallization drop was transferred to another well and dehydrated by equilibrating for 2-3 days against 0.1 M NaH 2 PO 4 , 0.1 M KH 2 PO 4 , 3.5 M NaCl, and 0.1 M MES, pH 6.5, at 18°C. Crystals were briefly soaked in the mother liquor supplemented with 15% glycerol and 15% ethylene glycol, followed by flash freezing in liquid N 2 .
Initially, 360 frames (0.25°/frame) were collected on a single crystal held at 100 K to a resolution of 3.4 Å using a M06XHF rotating anode x-ray generator and a DIP2030H Imaging Plate detector (MacScience). The data were processed using DENZO and SCALEPACK (20) . The resolution was extended to 2.3 Å on a dehydrated crystal at beam line 9-1 of the Stanford Synchrotron Radiation Laboratory (Stanford, CA) using a Quantum-315 CCD detector (Area Detector Systems Corp.). One hundred eighty frames (0.5°/frame) collected at 100 K were processed using MOSFLM (21) and SCALA (22) . Data collection and processing statistics are shown in Table 1 .
Preliminary crystallographic analysis indicated that 2B4-bifonazole crystals belong to space group P6 1 22 or P6 5 22 . A molecular replacement search model was constructed by making an ensemble from both the ligand-free 2B4 structure (4) and the 2B4-CPI structure (5) using the PHASER program (23, 24) . The top solution of the rotation function had a Z-score of 5.10. Translational search was performed for both P6 1 22 and P6 5 22 space groups. The top solution had a Z-score of 21.91 and was in space group P6 1 22. The molecular replacement solution from PHASER was used for rigid body refinement in CNS (25) , which resulted in an R-factor of 36.7%. An electron density map was calculated after solvent flattening using RESOLVE (26) . Most of the protein backbone could be traced, and the electron density of the inhibitor in the active site was visible. However, multiple regions including helices BЈ through C and helices F through I did not fit the density. They were removed from the starting model and rebuilt manually into the map using the Xfit module of XtalView (27) . Cycles of model building and minimization in CNS (28) were performed to refine the coordinates. Bifonazole, Cymal-5, and water molecules were added into the model after most protein residues were well defined. The structural topology and parameters of bifonazole and Cymal-5 were generated using the PRODRG web server (29) . The final model contains protein residues 28 -492, 3 molecules of bifonazole, 4 molecules of Cymal-5, and 131 water molecules. Refinement was carried out using CNS (28) with the PMB (5) suite of structure refinement utilities (www.x-ray.utmb.edu/ PMB.html). Refinement and model statistics are shown in Table 1 . Structure evaluation with PROCHECK (30) indicated that the final model has good stereochemistry with no residues in disallowed regions of the Ramachandran plot ( Table 1 ). The average B-factor of three bifonazole molecules is comparable with the average B-factor of protein residues. Two Cymal-5 molecules near the active site are well ordered. The maltose head groups of the other two Cymal-5 molecules extend out of the protein surface and are disordered, giving rise to the high average B-factor of Cymal-5. The atomic coordinates have been deposited in the Protein Data Bank. The distances between C␣ atoms and the heme iron were calculated for the ligand-free 2B4 structure (4), the 2B4-CPI structure (5) , and the 2B4-bifonazole structure, respectively. For each residue, a standard deviation was calculated from its Fe-C␣ distances in three 2B4 structures using the equation
2 /(n Ϫ 1)) 1/2 , where d is the Fe-C␣ distance in each structure, avg(d) is their average, and n equals 3. Structurally plastic regions (PR) were identified when most residues (Ͼ90%) in a sequential segment had S.D. values greater than 1 Å (an arbitrary cutoff). Note that this one-dimensional calculation underestimates the conformational change when a residue moves without changing its Fe-C␣ distance. Overall, the analysis identified the plastic regions efficiently, because conformational changes are clustered. This analysis does not require superposition of the structures; thus no bias is introduced because of the choices of superposition.
RESULTS

Bifonazole Binds to 2B4dH(H226Y) and Inhibits Its Monooxygenase
Activity-Binding of bifonazole to 2B4dH(H226Y) induced type II difference spectra with a peak at 433 nm and a trough at 411 nm (Fig. S1A) , characteristic of nitrogen coordination to the heme iron. Titration of the enzyme with increased bifonazole concentrations defines a K S of 0.13 M (Fig. S1B) . Binding of bifonazole to 2B4dH(H226Y) inhibits its 7-EFC O-deethylation activity with an IC 50 of 0.9 M (Fig. S1C) .
With care to maintain 2B4dH(H226Y) in a monomeric state, ITC has been successfully employed in our laboratory to characterize the binding thermodynamics of imidazole inhibitors with the enzyme. 4 In the case of bifonazole, the thermogram exhibits a monotonic decrease in the exothermic heat of binding with successive injections of bifonazole until saturation is reached (supplemental Fig. S1D ). The resulting binding isotherm was fit to the single-class of binding-site model (supplemental Fig. S1E ), yielding a binding site (N) of 0.95 Ϯ 0.02 and an association constant (K a ) of (3.2 Ϯ 0.1) ϫ 10 5 M. The enthalpy change (⌬H) and entropy change (⌬S) obtained from the fit were Ϫ17.6 kcal mol
Ϫ1
and Ϫ33.8 cal mol Ϫ1 K Ϫ1 , respectively. The large negative value of ⌬H indicates that bifonazole binding is enthalpically driven and largely hydrophobic. The large negative value of ⌬S implies that the binding is entropically unfavorable, and no significant burial of protein apolar surface is induced upon bifonazole binding. In contrast, CPI binding is entropically favorable and induces burial of a large protein apolar surface. 4 Acrylamide quenching of tryptophan fluorescence indicated that CPI binding to 2B4dH(H226Y) significantly decreases the solvent accessibility of the sole tryptophan (Trp-121), 4 probably because of the large scale relocation of helix C bearing this residue (4, 5) . In acrylamide-quenching experiments, the Stern-Volmer constants were 3. (Fig. 2A) . Two monomers related by a crystallographic 2-fold axis form a dimer with the regions between helices F and G of one molecule inserting into the active site of the other molecule and vice versa. Residues 101-116 between helices B and C and residues 204 -227 between helices F and G form most of the interaction on the dimer interface (Fig. 2B ). An intermolecular anti-parallel ␤-sheet ␤Ј6 is formed by residues 206 -210 (strand ␤Ј 6-1 ) of both monomers. Another intermolecular ␤-sheet ␤Ј7 is formed by residues 222-224 (␤Ј 7-1 ), 101-103 (␤Ј 7-2 ), and 112-116 (␤Ј 7-3 ) of both monomers. Helix FЈ, extending ϳ35 Å from the heme on strands ␤Ј 6-1 and ␤Ј 7-1 , is buried in the active site cleft of the symmetry-related molecule (Fig. 2B) . All cofactors (bifonazole and Cymal-5), except one Cymal-5, are present at the dimer interface and interact with the symmetry-related molecules.
The 2B4-bifonazole dimer is different from the ligand-free 2B4dH dimer, which involves the coordination of His-226 to the heme iron of the other monomer (4). The protein used in this study has the H226Y mutation, which abolishes the strong His-Fe intermolecular interaction (5). In ITC experiments, the mutated enzyme (60 M) existed as a monomer in the presence of Cymal-5 and bifonazole, as evidenced by ultracentrifugation experiments. It is likely that the 2B4-bifonazole dimer is formed to sequester hydrophobic surface area at the high protein concentration used in crystallization experiments.
Bifonazole Binding Sites-There are three bifonazole molecules bound to the protein ( Fig. 2A) . One bifonazole is located in the active site, and bifonazole molecules in association with Cymal-5 molecules are found in two hydrophobic pockets away from the active site. These cofactors seem to be beneficial for crystallization, because they are present at the crystallographic dimer interface (Fig. 2B) . Bifonazole binding to the two distal hydrophobic sites appears to be low affinity, because it was not detected in the ITC experiments. The functional relevance of these two additional binding sites is unclear.
The type II binding spectrum observed in solution presumably derives from the bifonazole molecule in the active site with an imidazole nitrogen coordinated to the heme iron at a bond distance of 2.1 Å (Fig.  3A) . The imidazole ring of bifonazole makes contact with Thr-302 and Ile-363, which belong to substrate recognition sites (SRS) 4 and 5 (31), respectively. In both 2B4-bifonazole and 2B4-CPI, the imidazole ring is approximately vertical to the plane of the heme. At the same time, the bifonazole imidazole ring is almost parallel to helix I, whereas the CPI imidazole ring is at an ϳ60°angle with helix I. Like flurbiprofen in P450 2C9 (13) , bifonazole binds across the length of helix I and makes contact with seven helix I residues Val-292, Leu-295, Phe-296, Ala-298, Gly-299, Glu-301, and Thr-302 (Fig. 3A) . The biphenyl rings of bifonazole are located between the heme and helix I, which is bent ϳ15°to accommodate the ligand. The first phenyl ring stacks on the heme and positions the second phenyl ring toward helix C, making contact with Ser-128 and Met-132. The FЈ helix of the symmetry-related molecule packs on top of the active site bifonazole, isolating it from solvent regions. On the opposite side of helix I, bifonazole interacts extensively with the hydrophobic tail of a Cymal-5 molecule and side chains of helix FЈ residues Val-216, Phe-217, and Phe-220.
Ten residues (Ile-101, Ile-114, Phe-115, Phe-297, Ala-298, Glu-301, Thr-302, Ile-363, Val-367, and Val-477) were identified as active site residues in the 2B4-CPI structure (5) . Because the active site is reconstructed dramatically, only four of them (Ala-298, Glu-301, Thr-302, and Ile-363) also make contact with bifonazole. Although Val-367 maintains its position, it is about 6 Å away from bifonazole because of the different orientation relative to CPI. Phe-297 is moved out of the active site because of bending of helix I. Ile-101, Ile-114, Phe-115, and Val-477 have moved more than 10 Å away from the ligand, because the BЈ/C loop and the ␤4 hairpin adopt different conformations in the 2B4-bifonazole structure.
Heme-binding Site-Although the spatial orientation and conformation of the heme are well conserved, coordination of the heme D ring propionate can be quite different in the different 2B4 structures (Fig.  3B) . Residues Ser-430 and His-369, which coordinate the heme A ring propionate, align well in both 2B4-CPI and 2B4-bifonazole. In the 2B4-bifonazole structure, Arg-98 switches position and no longer makes contact with the heme A and D ring propionates. Instead, a water molecule is located between the heme A and D ring propionates and forms hydrogen bonds with them. In the 2B4-bifonazole structure, the ligand pushes the C helix away from the heme. As a result, Trp-121 and Arg-125, which are involved in the heme D ring propionate coordination in the 2B4-CPI structure, no longer make contact with the heme. A Cymal-5 molecule inserts between the heme and helix C. The maltose head of the Cymal-5 forms two hydrogen bonds with the heme D ring propionate, stabilizing its conformation (Fig. 3B) .
The different locations of helix C observed in the 2B4-CPI structure and the 2B4-bifonazole structure are consistent with the results of fluorescence-quenching experiments, based on the corresponding positions of Trp-121. Although helix C is located differently, the C/D loop adopts a similar "looping out" conformation in the 2B4-CPI structure and the 2B4-bifonazole structure (Fig. 3A) . In contrast, the C/D loop in the ligand-free 2B4 structure is short and directly connects helices C and D. It appears that both bifonazole and CPI induce similar conformational changes of the C/D loop, which may play a role in coupling ligand-induced conformational changes with electron delivery from cytochrome P450 reductase to P450 in the case of substrates (5) .
Conformational Plasticity of Cytochrome P450 2B4-The S.D. values of Fe-C␣ distances in the three 2B4 structures identified structurally conserved and structurally PR (supplemental Fig. S2 ). There are large structural variations (S.D. Ͼ1 Å, an arbitrary cutoff) in five plastic regions as follows: PR1 (residues 39 -57), PR2 (residues 101-140), PR3 (residues 177-188), PR4 (residues 203-298), and PR5 (residues 474 -480). The N-terminal proline-rich region, the C terminus of helix A, helix B, the C-terminal half of helix I, helices J through L, and all intramolecular ␤-sheets exhibit the least structural variations (S.D. Ͻ 0.3 Å) in the three 2B4 structures. These regions form the protein core, including most of the secondary structural elements that coordinate the heme. In addition, many of these elements are located on the proximal side of the protein, which is implicated in binding of electron transfer partners cytochrome P450 reductase and cytochrome b 5 (32) . Overall, these structurally conserved regions of 2B4 account for about 2/3 of the protein and are likely responsible for maintaining the overall P450 fold, coordination of heme, and binding of electron transfer partners.
PR1 comprises residues 39 -57, which form a loop preceding helix A and the N-terminal half of helix A (Fig. 4A) . In the 2B4-bifonazole structure, the helix A backbone has moved away from the protein core by ϳ4 Å at its N terminus because of the tilt of helix A around its C terminus.
The conformational change of PR1 is correlated with that of PR5. In the 2B4-CPI structure, PR5 forms the ␤4 hairpin, which is located near the C terminus of helix A (Fig. 4A) . Val-477 of the highly conserved GVG motif is at the tip of the ␤4 hairpin, making contact with CPI. The ␤4 hairpin unfolds and becomes a loop in the 2B4-bifonazole structure. As a result, Val-477 moves ϳ3 Å away from the active site and no longer makes contact with the ligand. The loop conformation of PR5 and the tilt of helix A are partially stabilized by a hydrogen-bond network among the backbones of Ser-475, Gly-476, and Gly-478 and the side chains of Arg-48 and Asn-479, providing a mechanism to correlate the conformational change of PR1 with that of PR5.
PR2 includes helix BЈ, the BЈ/C loop, helix C, and the C/D loop (Fig.  4B) . The BЈ/C loop makes limited intramolecular contacts and is one of the most conformationally dynamic components of 2B4. In the 2B4-CPI structure, the BЈ helix and the BЈ/C loop are close to the active site, and residues Ile-114 and Phe-115 make contact with the ligand. In the 2B4-bifonazole structure, the BЈ helix unravels and refolds into an extended anti-parallel ␤ loop (␤Ј 7-2 1␤Ј 7-3 2). As a result, Ile-114 and Phe-115 are positioned far away from the active site. A large scale shift of helix C is observed when the protein adopts different conformations (Fig. 3,  A and B) .
The C-terminal half of helix E is the major secondary structural element of PR3 and exhibits significant structural variations because of bending of this helix (Fig. 4A) . The bend originates in the middle of helix E and is stabilized by two hydrogen bonds between the side chain of Asn-177 and the backbone of Phe-188 in the 2B4-bifonazole structure.
PR4 is a large plastic region and comprises the C-terminal half of helix F through the N-terminal half of helix I (Fig. 4B) . In the 2B4-bifonazole structure, a dramatic extrusion of helix FЈ is supported by extension of the C terminus of helix F into a ␤-strand and unraveling of helix GЈ into a ␤-strand. The bending of helix I, which runs underneath the F and G helices, is a common feature in P450s (33) . The C-terminal half of helix I is rigid. The bending of helix I originates at its middle and is likely to be influenced by ligand binding. In the ligand-free 2B4 structure, helix I is slightly bent. Upon bifonazole binding, helix I is further bent to ϳ15°to accommodate the biphenyl rings of bifonazole. In contrast, CPI binding straightens helix I (Fig. 4B ).
It appears that the shift of helix C together with the bending of helix I are central to the conformational transitions of PR2, PR3, and PR4. Although helices E, H, and G do not interact directly with the ligands, they move along with helix C and the N terminus of helix I to maintain the relative packing.
DISCUSSION
The anti-fungal drug bifonazole binds tightly to P450 2B4dH(H226Y), as evidenced by a type II binding spectrum, ITC experiments, and inhibition studies. The tight binding facilitated the crystallization of a 2B4-bifonazole complex, which revealed a novel ligandbound but open conformation, in contrast to the open ligand-free and closed CPI-bound structures determined previously (4, 5) . The 2B4-bifonazole structure provides new insight into ligand binding and structural plasticity of 2B4.
The 2B4-bifonazole structure identified 10 residues (Ser-128, Met-132, Val-292, Leu-295, Phe-296, Ala-298, Gly-299, Glu-301, Thr-302, and Ile-363) within 5 Å of the active site bifonazole. Ala-298, Glu-301, Thr-302, and Ile-363 are also located within 5 Å of the bound ligand in the 2B4-CPI structure. These four residues belong to SRS-4 and SRS-5 FIGURE 5. A model for how P450 2B4 may interact with phospholipid bilayers. The model indicates how the most conformationally dynamic components of the protein fold could be associated with membrane binding, and how this would facilitate substrate binding. A, the solvent-accessible surface of the 2B4-bifonazole structure is shown in the putative membrane binding orientation. The surface is colored according to the property of the underlined residues: yellow indicates hydrophobic residues (Ala, Gly, Ile, Leu, Met, Pro, Val, Phe, Tyr, and Trp); white indicates polar residues (His, Asn, Gln, Ser, Thr, and Cys); red indicates negatively charged residues (Asp and Glu); and blue indicates positively charged residues (Lys and Arg). Ordered water molecules on the protein surface are shown as magenta spheres. The light gray and light yellow boxes represent the polar region and hydrophobic core region of the phospholipid bilayer, respectively. The approximate height of the protein above the membrane is shown. A possible substrate access channel is indicated by an arrow. B, the 2B4-bifonazole structure is oriented as in A with residues colored according to S.D. value of Fe-C␣ distances, ranging from blue minimum to red maximum (see "Materials and Methods"). Heme and bifonazole are shown as red and forest green sticks, respectively. Major helices are labeled. The positions of termini and PR are indicated. C, the structure of P450 3A4 (Protein Data Bank code 1TQN) is shown in the same orientation with respect to the membrane based on superposition. The termini and major helices are labeled. Heme is shown as red sticks. In this orientation, helix GЈ of 3A4 would be positioned in the hydrophobic region of phospholipid bilayer, as deeply as helix FЈ of 2B4 (yellow).
(31). They are positioned immediately above the heme plane, corresponding to Tier 1 of the P450 cam active site (34) . Because SRS-5 and the C-terminal half of SRS-4 are structurally conserved (supplemental Fig.  S2 ), it is likely that they play a dominant role in determining regiospecificity and stereospecificity of P450s. CPI-contacting residues Phe-115, Phe-297, Val-477, and Ile-101 correspond to Tier 2 and Tier 3 of the P450 cam active site. They do not make contact with bifonazole. Probably the ability to reconstruct Tier 2 and Tier 3 enables microsomal P450s to accommodate ligands of different size and shape. The substrate profile of a given P450 can be determined in part by the combined effect of structurally more rigid Tier 1 with structurally more variable Tier 2 and Tier 3 elements. Although not identified as a substrate recognition region of family 2 P450s (31), helix C has been implicated in azole recognition in both fungal and mammalian P450s (35) (36) (37) . The direct interaction of 2B4 helix C residues (Ser-128 and Met-132) with bifonazole suggests an important role of helix C in azole recognition by mammalian P450s.
The microsomal P450s are integral membrane proteins with a single transmembrane helix. Beside the N-terminal transmembrane helix, other regions of 2B4 that likely interact with the membrane include the loop before helix A, the BЈ/C loop, and residues between helices F and G (8) . When the 2B4-bifonazole structure is depicted in the putative membrane binding orientation (8) , the top and middle of the protein surfaces are hydrophilic, and most hydrophobic surfaces are located at the bottom where the protein is less hydrated (Fig. 5A) . One could view the 2B4-bifonazole structure as representing a snapshot of a membranebound 2B4 conformation with helix FЈ deeply embedded into the membrane. Several lines of evidence favor the physiological relevance of this conformation. First, the hydrophobic surfaces at the bottom are formed by residues 30 -45 before helix A, the ␤ 1-1 -␤ 1-2 loop, residues 101-116 before helix C, helix FЈ, and flanking residues. Many of these residues have been implicated in membrane binding by antibody binding data (38) . Second, the BЈ/C loop and the F/G region have five phenylalanine residues (Phe-108, Phe-212, Phe-217, Phe-220, and Phe-223), which have a strong tendency to penetrate into the hydrophobic core region of the membrane. Third, many basic residues are located above the hydrophobic regions, where the residues may interact favorably with the head groups of phospholipids in the polar regions of the membrane (Fig. 5A) . Furthermore, the height of 2B4 above the membrane is about 40 Å in this orientation, within the range of 35 Ϯ 9 Å measured by atomic force microscopy (39) .
An intriguing question about P450s is how substrates enter and leave the active site, which is deeply buried in the center of the P450 fold (40) . In the putative membrane binding orientation, the 2B4-bifonazole structure exhibits a channel that connects the hydrophobic core of the membrane directly to the active site (Fig. 5A) . The channel is lined by helix FЈ and flanking residues (PR4) on one side, and residues 40 -46 before helix A (PR1), residues 101-116 of the BЈ/C loop (PR2), and residues 476 -478 (PR5) on the other side. It is possible that membraneassociated 2B4 adopts a similar conformation to allow lipophilic substrates in the bilayer to access the active site through this channel. The channel also opens to the cytosol, providing access for less lipopholic substrates (note the H 2 O molecules above the modeled membrane surface, at the tip of the arrow, in Fig. 5A ).
The three available P450 2B4 structures, when considered together, provide insight to the broad substrate specificities of microsomal P450s. The most conformationally dynamic regions of 2B4, the BЈ/C loop and the F/G region, are presumably embedded in the membrane and form limited intramolecular interactions (Fig. 5, A and B) . In contrast, the cytosolic moiety of the protein forms extensive intramolecular interactions, which maintain the overall P450 fold, as observed in all three 2B4 structures. With limited intramolecular interactions and yet striking conformational plasticity, it is plausible that the conformations of the putative membrane-binding motifs would be largely dependent on the dynamic lipid environment of the bilayer. Consequently, the ability of the enzyme to embed partially into the membrane in this manner would provide not only a means to sequester lipophilic substrates but also would contribute to versatility in recognition of these substrates.
Structurally extruded membrane-binding motifs are a common feature in other monotopic membrane proteins (41), including oxysterolbinding protein-related proteins (42) , phosphatidylinositol transfer protein ␣ (43), prostaglandin H 2 synthase (44, 45) , squalene cyclase (46) , and estrone sulfatase (47) . Because the membrane-binding motifs of 2B4 could also form the ligand access channel (Fig. 5A) , their conformational plasticity would enable the enzyme to encounter, recognize, and deliver diverse substrates to the active site, without disrupting the overall fold of the catalytic domain. This view of P450 2B4 function infers a similar membrane-associated state of other microsomal P450s. For example, an extended conformation of the F/G region was observed in P450 3A4 (14, 15) . In this case, helices AЉ and GЈ are thought to be embedded in the membrane (Fig. 5C ), consistent with structural superposition (residues 61-98 and 306 -465) and the proposed orientation of 2B4 (Fig. 5, B and C) . Compared with soluble bacterial P450s, which have narrower substrate specificities, it appears that microsomal P450s, by evolving as membrane-associated proteins, have acquired conformational plasticity, allowing them to recognize and metabolize multiple substrates.
